Abstract-Four types of electron density measurements are compared in the same device: cylindrical probe, disk probe, microwave cavity, and microwave hairpin. The measurements are made in hot-filament discharges in a soup-pot type of plasma device with and without multidipolar surface magnetic fields with densities up to 1 10 9 cm 3 and electron temperatures of 0.1-1.3 eV. The cylindrical probe and hairpin give densities that are in close agreement for all conditions. The density from the cylindrical probe, hairpin, and cavity measurements are in good agreement ( 12% difference) in plasma without magnetic containment. With magnetic containment, the different methods give greater differences in the densities ( 30%), perhaps as a result of the higher fraction of energetic electrons. For all conditions, the densities from the disk probe are lower than the densities from the other methods.
I. INTRODUCTION
T HE USE of several diagnostic methods for the measurement of a single quantity often has the undesired result of creating multiple values for the quantity with differences that lie outside the expected range of error. In this work, two probe methods (disk and cylindrical) and two microwave methods of measuring electron density are compared. In the cases where the values are significantly different, possible reasons for the differences are investigated. Densities in low-temperature plasmas are most often determined from the current-voltage characteristics of Langmuir probes. Microwave methods of measuring density include the cavity method [1] , [2] , which gives a weighted volume-averaged measurement, and the hairpin resonator method [3] , which gives a localized measurement. Density measurements by these four methods are compared using a soup-pot type of plasma device, both with [4] , [5] and without [6] surface multidipolar magnetic fields. The range of densities measured is cm to cm . Without multidipolar magnetic fields, the cavity, hairpin, and cylindrical probe measurements are in good agreement and the disk probe measurement is significantly ( 40%) lower. With multidipolar fields, the density from the cylindrical probe is slightly ( 20%) lower than that from the microwave methods and the disk probe is again 40% lower. The probe data show that with multidipolar fields a larger fraction of the current is Manuscript from suprathermal electrons and these electrons may be the origin of errors in the data analysis. Density measurements by microwave and probe methods have previously been compared in radio frequency (RF) and inductively-coupled discharges [7] - [9] . It is likely that differences observed in the measurements are dependent upon the type of plasma device. The motivation for the present work is to have a comparison of measurement techniques that is valid for the types of plasmas that occur in soup-pot, double-plasma, and other types of hot-filament discharge devices. For example, the two-temperature electron distributions that are seen in double-plasma devices may affect probe measurements more than microwave measurements because a single mean electron velocity is used to convert probe currents to densities. The density of the hotter population is greatest with multidipolar magnetic fields, but in all cases is less than 10% of the density of the cold population that is confined by the plasma potential.
II. MEASUREMENT THEORY

A. Langmuir Probes
In hot-filament discharges, the probe data often show two electron distributions with different temperatures. Our method of data analysis uses orbit-motion-limited (OML) theory [10] , [11] to find the densities and temperatures of the two Maxwellian distributions that best fit the data [12] . The ion contribution to the probe current consists of the OML ion current plus the current from charge-exchange ions created near the probe [13] , [14] . The ion current is fit to the function described in [12] and is subtracted from the net current to obtain the current from electrons alone. The electron contribution to the probe current is then decomposed into a low energy population of confined electrons (energy 0.8 eV) and a high energy tail ( 1-4 eV) of secondary electrons from the walls. The secondary electrons are produced from the primary electrons from the filaments impacting the chamber walls. The density of these wall secondaries is consistent with the value that is calculated from the current of primaries and the secondary emission coefficient of the walls [12] .
The two electron temperatures are determined from the two slopes of a semilogarithmic plot of the electron current. For probe voltages more negative than the wall potential, the collected current is primarily from the wall secondaries and the slope of the data indicates an effective temperature for the secondaries. The probe current from the wall secondaries is extrapolated to voltages more positive than the wall potential using OML theory for the saturation region of the current. This extrapolated current is subtracted from the total electron current to obtain the current from the confined electrons. The OML theory 0093-3813/$20.00 © 2006 IEEE is fit to the current from the lower-energy population to obtain the density of the confined electrons. The total electron density is the sum of the densities of the two populations.
There is no analog of the OML theory for the disk probe current because the particle trajectories and the probe sheath are dependent upon both of the cylindrical coordinates and , which complicates analysis. For positive probe voltages, there is no analytic expression for the slowly increasing electron current. For negative probe voltages, there is no theory for the ion current from charge-exchange collisions (but this has negligible impact on electron density determination). The method adopted here for the analysis of the disk probe data is the same method that is used for the cylindrical probe, with one variation. The current from the wall secondaries is assumed to be constant for probe voltages more positive than the wall potential. This assumption is consistent with disk probe theory for the saturation current. This constant current is subtracted from the probe current to obtain the current from the confined population.
B. Microwave Methods
Microwave cavity resonance methods are based upon the relative plasma permittivity, , where is the permittivity of vacuum, is the plasma frequency, and is the microwave frequency. [1] If the square of the frequency of a microwave resonator in vacuum is , then with plasma it is , where is the plasma frequency. For low density plasmas satisfying , the relationship can be linearized to obtain the electron density where
. If the plasma density is inhomogeneous, the density that is obtained is a volume average weighted by the square of the electric field of the microwaves. Insertion of probes is likely to cause the cavity modes to be different from those calculated for simple cylinders.
Localized measurements of plasma density are made by inserting a hairpin resonator consisting of a short segment of parallel wires shorted at one end and open at the other [3] . This measurement of density is localized to a region of plasma with an extent determined approximately by the wire separation and length. The data are analyzed in the same way as the data from the cavity resonator.
III. APPARATUS
A. Vacuum Chamber
The plasma is generated in a double-plasma device [6] from which the center grid has been removed, Fig. 1 . The vacuum chamber is aluminum with a diameter of 31 cm and a length of 69 cm. The aluminum walls were found to have regions of contamination that were poorly conducting, which resulted in areas of the wall being charged to negative potentials near the floating potential [15] . The wall potential was made more uniform by inserting a stainless steel liner that covered both the cylindrical walls and the end walls. Data from an emissive probe showed that the wall potential with the liner was more uniform, with variations below 0.1 V. In the device without multidipolar fields, the plasma is generated by four filaments mounted symmetrically on the end flanges. The filament bias potential is 80 V and the emission ranges from 80 to 160 mA. The vacuum is created by a turbomolecular pump and the base pressure is torr. The working gas is argon with a fill pressure of 0.1-0.8 mtorr. Electron temperatures for the confined population are in the range 0.1-0.25 eV.
For multidipolar confinement, the device is operated with a second stainless steel liner with line cusps [4] , [5] of nickelplated rare-earth magnets (12.5 mm diameter 3 mm). The magnets are mounted to iron strips riveted to the liner. The mounting strips have a spacing of 75 mm, the magnet center-tocenter spacing is 18 mm, and the field at the magnet surfaces is 0.3 T. With this liner, the temperature of the confined population is 0.9-1.3 eV. The original configuration of four filaments, when used with the magnets, was found to give a low electron density because the filaments were within the multidipolar field. To obtain a higher electron density, a gap of 8 cm was made in a magnet row on an end flange and a single filament was installed in the region of low field. The probe configuration was altered to accommodate the single filament (Fig. 1) , which gave a maximum emission of 64 mA. In all cases, the filaments were covered with grids to reduce the local perturbation to the plasma potential in the region near the filaments.
B. Langmuir Probes
The probe tips are made of stainless steel to minimize contact potential differences between the probes and the wall. The cylindrical probe is 95 m in radius and 30 mm in length. The probe radius is comparable to or less than the Debye length for all conditions. The disk probe is a thin foil with a radius of 3.4 mm. In typical conditions, the disk radius is about 30 Debye lengths. Before measurements, the probes are heated to incandescence by biasing them several hundred volts positive. After cleaning, the probe data show no hysteresis: the data obtained with the probe voltage increasing in time are identical to that obtained with the probe voltage decreasing in time. The Langmuir probes and the microwave hairpin were mounted so that they could each be placed on axis 23 cm from an end wall for measurements.
C. Microwave Cavities
A small wire antenna at one end of the chamber is used to couple the microwaves into the cavity and an identical antenna at the other end is connected to a diode detector. A sweep oscillator with a range of 2-3 GHz is used for the measurements. The narrowest modes in the cylindrical chamber are the modes that do not require currents that cross the junctions between the cylindrical walls and lids. [16] The mode used for the measurements without the multidipolar fields is at 2.39 GHz, which is nearest to the mode. A frequency of 2.75 GHz is used with multidipolar fields which is nearest to the mode. The width of the resonant peak is approximately 9 MHz and the center frequency is shifted by 0.4-15 MHz with plasma. The output of the diode detector is digitized at 7 kHz intervals during the sweep of the frequency. A cubic polynomial is fit to the peak of resonance so that the center can be found from the point of zero slope. A cubic is used rather than a quadratic because the resonances are slightly asymmetric.
The hairpin resonator for the localized density measurement is shown in Fig. 2 . The hairpin is constructed from 1-mmdiameter copper wire with a separation of 5 mm and a length mm. The hairpin may be biased relative to ground to allow investigation of the effect of the plasma sheath on the density measurement. The hairpin resonator is operated with a standing wave of 3/4 wavelengths. The resonant frequency of the hairpin is approximately 2.2 GHz and is given by where is the speed of light. The hairpin is operated using the same source and detector as the cavity measurement. The hairpin resonance has a width of 12 MHz and the center of the resonance is shifted by 0.4-16 MHz with plasma. The use of the same range of frequencies for the hairpin and the cavity allow a rapid change from one type of microwave measurement to the other.
IV. MEASUREMENTS
The currents from the disk probe and cylindrical probe in plasmas with and without magnetic confinement are plotted in Fig. 3 . The pressure is 0.4 mtorr and the emission currents with and without multidipolar fields are 64 mA and 160 mA, respectively. The data taken without multidipolar fields show the high energy tail from the wall secondaries and clearly show a steep rise in the current at the voltage for which collection of the confined electrons begins. The data with the multidipolar fields show the same populations, but the boundary between the populations is less distinct because the temperature of the confined electrons is nearer to that of the wall secondaries. The data from the cylindrical and disk probes were first compared to find if the temperatures were in agreement, Fig. 4 . Both with and without the multidipolar fields, the temperature from the disk probe is 20% higher than that from the cylindrical probe. The difference is greatest with the multidipolar fields. The discrepancy could be due to the higher fraction of secondary electrons when multidipolar fields are used. This possibility is supported by the data with no magnetic fields which show the greatest temperature difference at low pressure. The fraction of the electrons that are wall secondaries is greatest at low pressure because ionization is reduced. The temperature is obtained from the slope of the logarithm of the current data and is thus insensitive to small changes in the probe analysis. The temperatures could not be brought into agreement by deleting, for example, a few data points on the tail of the distribution.
The densities deduced by the four methods are compared in Fig. 5 . The cylindrical probe and the hairpin resonator give densities that are in good agreement for all pressures both with and without multidipolar fields. Without magnetic fields, the average difference is 4% and with magnetic fields the average difference is 12%. The disk probe, in plasmas without multidipolar fields, gives densities that are 40% lower than the densities from the cylindrical probe and the hairpin. The agreement is somewhat better with the multidipolar fields, where the disk probe gives densities lower by 25%. It was suggested that the secondary electrons could be responsible for the difference in temperatures measured by the two types of probes. For the differences in density measurements, however, the wall secondaries contribute less than 10% to the total electron density and it is difficult to argue that these electrons could create a 40% discrepancy in density. The electron density is determined from the saturation current measured at the plasma potential. The data in Fig. 3 and the data for all other conditions show that the disk probe collects a smaller current per unit area when at the plasma potential.
The microwave cavity measurements of density give values higher than the cylindrical probe by up to 30% with multidipolar confinement. A possible reason for the cavity measurements being greater is that the density in the chamber is not uniform. An axial scan with the cylindrical probe, Fig. 6 , shows a small increase in density as the filaments are approached that could be the origin of the discrepancy. The possibility that the difference between the cavity and hairpin measurements is related to the cavity mode was investigated by making measure- ments with different modes, Fig. 7 . The measurements were closely spaced in time so that the plasma conditions were nearly identical. Measurements at 2.44 GHz and 2.72 GHz gave densities that were within a few percent of one another.
The hairpin density measurement may be affected by the sheath around the hairpin [9] . This effect was investigated experimentally by varying the bias potential on the hairpin. The data, Fig. 8 , show that for bias potentials that are zero or slightly negative, the measured density is only a weak function of the bias potential. For positive bias potentials, however, the density from the measurement first increased with bias voltage then decreased. The initial increase may be due to the probe being more attractive to electrons and the subsequent decrease may be caused by depletion of the plasma by electron collection. The data for negative bias voltages suggest that the sheath corrections can be omitted for probes that are grounded or slightly negative compared to the plasma potential.
V. SUMMARY AND CONCLUSION
Electron density measurements by cylindrical and disk probes and by the microwave cavity and microwave hairpin methods have been compared in a soup-pot type of plasma. Without magnetic field and for all plasma densities, the cylindrical probe, cavity, and hairpin methods gave measurements with an average difference of only 8%. With the magnetic fields, the cavity and hairpin measurements were slightly higher than the cylindrical probe measurement.
The density from the disk probe was always lower than that from the other methods. The area of the probe was carefully measured using microscopy and the possibility of a significant error in area was eliminated. The current collected by the disk probe per unit area when at the plasma potential was consistently less than that collected by the cylindrical probe at the same potential. The higher temperature determined from the cylindrical probe accounted for only a small part of the difference in the density measurements. No reason for the difference in the probe density (or temperature) measurements could be identified. The relatively good agreement between the measurements by the hairpin resonator and by the cylindrical probe for all conditions suggests that these are reliable methods for low-density, hot-filament discharges.
